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Abstract
In this review we focus on the main cosmological implications of the Group Field The-
ory approach, giving rise to bouncing cosmologies from the Engle–Pereira–Rovelli–Livine
Group Field Theory model. Starting from the kinematics and dynamics, we offer an
overview of the way in which Group Field Theory treats solutions for the homogeneous
universe and the bounce in a compatible way with Loop Quantum Cosmology results.
We conclude with a discussion of the limits and perspectives of the Group Field Theory
approach.
1 Introduction
The goal of the present paper is to review some essential properties of Group Field Theory
(GFT) and GFT condensate cosmology in an accessible way from a non-specialist’s perspec-
tive, and with a non-GFT audience in mind. For a review with an internalist perspective
see [1]. Our purpose is to underline the physical consequences of the formalism and to discuss
some results that go beyond quantum cosmology and invite conceptual innovation. Strictly
related to Loop Quantum Gravity (LQG), tensor models and lattice quantum gravity, GFT
condensate cosmology is able to reach results similar to those of Loop Quantum Cosmology
(LQC), namely some solutions of its models of the early universe include a bounce. Symme-
try reduced versions of LQG have recently been studied as models of quantum cosmology [2].
They possess two main features. The first is a mechanism for avoiding the big bang singu-
larity in the framework of mini-superspace models of quantum gravity1. In this mechanism
the inverse scale factor is represented by an operator that stays bounded as the universe’s
classical radius shrinks to zero. Other alternatives involve the effective discretization of the
∗luciano.gabbanelli@uab.cat
†silvia.debianchi@uab.cat
1 It should be noted that ‘singularity avoidance mechanisms’ may exist in more conventional mini-
superspace of quantum geometrodynamics. For instance, from simple particle models like [3] to more com-
prehensive studies in more realistic situations [4] and recent extension to anisotropic models [5], in which
the analysis is consistently based on the behaviour of the wave function and not on the bouncing behaviour
of quantum-corrected classical equations. For an overview and a comparison between LQC and standard
quantum cosmology, see [6].
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Hamiltonian constraint, which enables the quantum wave function to ‘jump over’ the singu-
larity. Whichever the model under consideration, it is not clear how these models can be
derived from full-fledge LQG, if it is in fact possible. Hence, there is no common agreement
whether the singularity avoidance a property of the full theory. In fact, calculations regarding
the full LQG theory show that the spectrum of the operator corresponding to the inverse
volume is not bounded from above [7]2.
The second feature implies the possibility that an intrinsically quantum gravitational
mechanism of LQC might trigger inflation, which may eventually be stopped (gracefully) by
gravity itself [9]. In this scenario, the inflaton potential characterized by a fine tuning in
both the potential and the initial conditions could become unnecessary in many inflationary
models. The same key-feature of LQC including a bounce can be found in GFT cosmology.
However, the latter offers not only the possibility to build up an Engle–Pereira–Rovelli–Livine
(EPRL) GFT model3 [15], but also to change our definition of cosmology itself. According
to GFT, cosmology should be the ‘hydrodynamics’ of quantum gravity describing the macro-
scopic universe as a fluid, whose ‘atoms’ are the GFT quanta, and whose main collective
variable is analogue to a density function, to which a velocity function is added [15]. There-
fore, this ‘hydrodynamical’ picture provides a natural link with the usual Wheeler–DeWitt
approach to quantum cosmology, but with two main improvements: (i) the theory does not
require any symmetry reduction, and (ii) includes many-body features of the full Hilbert
space of the microscopic theory.
Moreover, GFT condensate cosmology is a tentative realization of geometrogenesis [16],
which is also suggested by the phase transitions obtained via GFT renormalization. In other
words, spacetime and the universe emerge in quantum gravity through a phase transition
from some non-geometric phase (or pre-geometric phase) with no notion of locality. This
is consistent with the aim of (fully or partially) background-independent formulation for
quantum gravity theories which is based on the formulation of any physical statement in
relational terms and without referring to any external structure. In this manner, after the
phase transition, a more regular and ordered phase is obtained, where geometric data can
now be identified. The ‘appearance’ of space and time in this regime is a requirement for
local structures to appear and it is also a requirement needed for the emergence of our
macroscopic universe. This conceptual aspect is shared by LQG and GFT and its implications
in cosmology give rise to the formalism of the EPRL GFT model. We will particularly focus
in the GFT formalism where the macroscopic, homogeneous and isotropic universe emerges
dynamically from the collective behaviour of a highly coherent configuration of many discrete
“pre-geometric atoms” introduced in Sections 2. This approach suggests the presence of
a ‘hydrodynamical phase’ where a large number of constituents form a condensate phase,
starting from which the concepts of space and time are well defined (see Sections 3 and 4). In
this regime, the classical Friedmann dynamics for a homogeneous, isotropic universe, together
with quantum corrections of general relativity, emerge consistently from the fundamental
constituents. These aspects are presented and discussed in Sections 5 and 6 of our review.
We then conclude by discussing the results in recent GFT literature and their cosmological
implications, underlying open questions to be further investigated.
2For further analysis concerning these topics refer to [8].
3The relevance of the EPRL model [10, 11], together with its generalized version including the Immirzi
parameter [12] consists in that it solves a number of problems in the quantization present in the first spin
foam model proposed in [13]. As underlined in [14] the EPRL model implemented linearization of the simplicity
constraints and imposed simplicity constraints in such a way that four triangles described by bivectors that
belong to the same tetrahedron lie in the same hyperplane. The inclusion of the Immirzi parameter makes
the EPRL model closer to offer a spin foam model consistent with LQG.
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2 Quantum gravity with matter reference frames
GFT is a research programme for a non-perturbative quantization of gravity. These theories
aim at describing the dynamics of quanta of space on background independent grounds and
hence are characterized by a lack of any preferred notion of time (there are local relations
but not global ones). According to GFT, the universe is an ensemble of processes happening
where any notion of evolution is purely relational. Nonetheless, there is no reason to consider
that coordinates describing the relational dynamic may be available a priori at the quantum
level. In fact they are not, as it happens in most quantum gravity approaches. Indeed,
discussions focus on how to identify in mathematical terms the available degrees of freedom
at the Planck scale.
One of the most drastic change of perspective of GFT is certainly how the theory describes
the macroscopic universe starting from the underlying physics and without referring to any
external structure. According to this approach, the purely relational dynamics between
the elementary degrees of freedom of geometry and matter are interpreted as combinatorial
structures and hence, their quantum dynamics should lead to an effective reconstruction of
coordinates, i.e. the ‘appearance’ of space and time. Indeed, one might consider the classical
theory as an emergent phenomenon that agrees with general relativity, together with the
diffeomorphism invariance which is one of its most established foundations. Undoubtedly,
this viewpoint leaves open the question of how to choose the embedding manifold. As we
will discuss below, the picture is similar to the theory of superfluidity where the fundamental
disconnected quantum atoms play no individual role at the hydrodynamic level, but the
collective behaviour is what matters. Analogously, in the GFT formalism the macroscopic
universe emerges dynamically as the collective behaviour of a highly coherent configuration of
many discrete “pre-geometric atoms”. Thus, the theory enters in a “hydrodynamical” phase
where a large number of constituents form a condensate structure. It is from the latter that
concepts of space and time are defined. This approach would suggest that, in this regime, the
classical Friedmann dynamics, together with quantum corrections emerge consistently from
the fundamental constituents. It seems plausible that, if cosmology and continuum geometry
emerge from this hydrodynamic approximation to quantum gravity, the topology of space
should also be emergent, rather than determined by microscopic details.
Let us first focus on gravity only with no mater fields present at all and later, once the
gravitational theory is defined, we will show how this approach can embody matter degrees
of freedom. In the canonical formulation of GFT, the elementary degrees of freedom of
geometry are represented by excitations of a quantum (statistical) complex scalar field ϕ
defined on an abstract group manifold. As mentioned, this manifold does not carry a priori
any notions of spacetime geometry by itself, but stores geometric information –metric or
connection data– beyond its mere combinatorial or topological structure [17]. Then, the
elementary excitations occur above a fully degenerate ‘no-space’ vacuum and can be seen as
quanta of geometry labelled by data in the domain space of the bosonic GFT field ϕ. The
coarse-grained microscopic theory is usually depicted as tetrahedra equipped with a discrete
SU(2) connection (parallel transports across the four faces), in this manner, the GFT field is
defined as
ϕ(gI) : SU(2)
4 −→ C . (1)
At a quantum level, imposing appropriate conditions, these tetrahedra can be ‘glued’ to one
another to form extended 4−dimensional triangulations as quantum states determining the
dynamic of the theory.
Analogous algebraic data is used to construct the spin network states in LQG (holonomies
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of a connection and fluxes of a triad field) [18], and in fact these states can be seen as graphs
dual to the triangulations formed by GFT quanta. In this duality, each vertex of the graph
is dual to the tetrahedron of the triangulation; the links joining vertex are coloured by SU(2)
connections and play the role of the tetrahedron faces where the gluing determines the par-
ticular GFT model. Therefore, GFT quantum states are built up from the kinematical data
of LQG and the theory can be understood as a field-theoretic 2nd quantization formulation
of LQG [19]. This correspondence between discrete quantum field theory (QFT) structures
and spin networks can be found also at the dynamical level but treated via standard QFT
methods. In this way, GFT attempts to define a sum over discretised geometries which can be
used, once a continuum limit is identified, to obtain a path integral formulation for quantum
gravity.
However, to extract this effective continuum physics and realistic cosmological models
requires more crucial ingredients. Of course, there is plenty of matter in the universe and
the relation of the matter content and its corresponding interaction must be addressed in a
theory of Quantum Gravity. In GFT and other background independent and diffeomorphism
related formalisms, matter fields are the most convenient way to define physical reference
frames. This is a relational approach usually employed to define physical observables in
different quantum gravity theories (see [20–22]).
A standard choice in quantum cosmology is to use free massless scalar fields for defining
the evolution of the theory. This choice ensures diffeomorphism invariance. It is our interest
here to see how these scalar fields can be coupled to a QFT formalism and their implications
for the GFT condensate and the cosmological sector.
The matter reference frame should be reconstructed from the physical degrees of freedom
of the underlying theory. In this manner, in the canonical formulation, the GFT field ϕ in
(1) encompasses the new coordinate (scalar) degrees of freedom with real labels,
ϕ(gI , φ
J) : SU(2)4 × R4 −→ C . (2)
The four parallel transports gI of the gravitational SU(2) connection are four copies of the
group elements labelled by I = 1, 2, 3, 4. These SU(2) valued arguments play the role of
parallel transports of a gravitational Ashtekar–Barbero connection across the four faces of
the tetrahedron or GFT quanta; hence they are associated to the links attached to each
node of the 4−valent spin network. Besides, each “chunk of space” is labelled with a φJ ,
with J = 0, 1, 2, 3, specifying the discrete matter (scalar field) degrees of freedom4. These
fields are attached to the vertices corresponding to each tetrahedron and would represent the
readings of all fields: ‘clocks’ and ‘rods’. The coupling of gravity to four scalar fields has been
analyzed in the LQG context for spin networks given by 4−valent vertex [19,23].
The 2nd quantization formalism is favourable for describing quantum many-body systems.
The Fock space is built from the Fock vacuum |0〉 representing the state with no spin network
nodes or no tetrahedra. Therefore, it is a state with no topological nor geometrical infor-
mation; a “no-space” vacuum analogous to the Ashtekar–Lewandowski vacuum [24] where
operators for geometric observables such as volumes and areas from LQG vanish. There-
upon, one-particle states can be generated with the creation operators ϕˆ†(gI , φJ) acting on
the vacuum state. The role of the creation operator ϕˆ† and the corresponding annihilation
operator ϕˆ is derived directly from the postulated canonical commutation relations for the
4This procedure is usually generalized to an arbitrary k−number of massless scalar fields, J = 0, 1, ..., k.
Here we restrict the analysis to only four of them because they will be used for labelling the four spatiotemporal
dimensions; i.e. 1 temporal φ0 and 3 spatial φi independent components.
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chosen bosonic statistics; these are
[
ϕˆ(gI , φ
J), ϕˆ†(g′I , φ
′J)
]
= δ4(φJ − φ′J)
∫
SU(2)
dh
4∏
I=1
δ(g′I h gI
−1) , (3)
while two ϕˆ or two ϕˆ† operators commute. On the one hand, the Dirac delta functions
between the values of φJ that meet at the vertex necessary imply that the interaction is
local in these scalar fields [25, 26]. On the other hand, the integration of the Dirac delta
distribution over SU(2) ensures consistency with the “gauge invariance” under diagonal left
multiplication5 of the ϕ field
ϕ(g1, . . . , g4, φ
0, . . . , φ3) = ϕ(hg1, . . . , hg4, φ
0, . . . , φ3) ∀h ∈ SU(2). (4)
Apart from this elementary SU(2) transformation acting on the central vertex, the four copies
of SU(2) associated to the links provides an additional permutation symmetry for the GFT
field
ϕ(g1, g2, g3, g4, φ
J) = ϕ(g2, g3, g4, g1, φ
J) = ϕ(g3, g4, g1, g2, φ
J) = ϕ(g4, g1, g2, g3, φ
J). (5)
In this picture, the bosonic excitations are interpreted as geometric tetrahedra or vertices of
the spin network. This is the one-particle state is depicted as
ϕˆ†(gI , φJ) |0〉 =
∣∣∣gI , φJ〉 =
One can create generic states with arbitrary particle number N by acting N times with the
creation operators in the usual way. These N−particle states can be associated to a graph of
N disconnected 4−valent open vertices or disconnected tetrahedra. The GFT Hilbert space
is the Fock space spanned by all subspaces with different N values. Finally, one can introduce
connections between the atoms of spacetime by gluing the tetrahedra or connecting the open
vertices of the graph with links into higher dimensional structures. An important feature of
the GFT states is that, contrary to LQG states, they are defined with no direct identification
with the graph used to be constructed; i.e. there is no unambiguous identification between the
graph, the glued tetrahedra or their topology with the N−particle state. Further discussion
on the relation between LQG and GFT Hilbert spaces can be found in [23] or in [27] in the
context of a particular toy model.
GFT is fully specified when its dynamics is encoded in the action. Indeed, this theory
is used as a field-theoretic description for the dynamics of LQG. A simple general form for
the latter is the sum of a quadratic kinetic term (that includes a local kinetic operator K
that contains derivatives with respect to both variables gI and φ
J) and a generic interaction
term (which is higher order in the field operators and typically has a combinatorial type of
non-locality due to the simplicial gluing of the QFT building blocks). This is
S[ϕ, ϕ¯] = −
∫
SU(2)4×R4
d4g d4φ ϕ¯(gI , φ
J)Kϕ(gI , φJ) + V[ϕ, ϕ¯] . (6)
5This also ensures the “gauge invariance” under a diagonal left action of the group on all arguments of the
field. A different convention can be used: the invariance under a diagonal right action.
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Although the precise forms of K and V are not needed for deriving a condensate cosmology
because the latter is derived from a general class of GFT models, the existence of a wide
number of such models in the literature shows that there is no consensus on which are the
preferred candidates for a four dimensional quantum gravity theory. For instance, a trivial
kinetic term (K = 1) is sufficient to define a class of GFT models with Feynman amplitudes
corresponding to the amplitudes of a given class of spin foam models for a certain election of
V. Furthermore, the perturbative expansion of the partition function of the field theory
Z =
∫
DϕDϕ¯ e−S[ϕ,ϕ¯] (7)
generates the Feynman rules for any spin foam model; such perturbative expansion in Feyn-
man diagrams equals the sum over discretized path integrals for quantum gravity [28]. Indeed,
in [29] it was realized that amplitudes for the Barrett–Crane spin foam model in four dimen-
sional quantum gravity [30] could be obtained from a suitable choice of the GFT action.
Later, it was shown that any prescription for a spin foam amplitude (within a class of mod-
els of interest for quantum gravity) could be obtained directly from GFT [31]. In fact, the
generality on possible elections of both operators points towards a one-to-one correspondence
between spin foam models and GFT actions [32]. In this manner, the GFT partition function
Z corresponds to a sum over topologies and spacetime histories (for gravity and matter).
Each history itself is discrete and contains a finite number of degrees of freedom. The main
technical challenges are still the same as for the lower-dimensional matrix models; these are
to control the unwieldy sum over Feynman graphs and obtain a continuum limit. However,
we are interested here in cosmological implications of GFT, hence we will not go deeper in
the microscopic description of the theory and proceed to the effective picture.
Once a structure for the action is chosen, the path integral for the theory can be formally
defined. Subsequently, the complete (although formal) quantum dynamics can be fully spec-
ified by deriving the Schwinger–Dyson equations for n−point correlation functions from the
path integral formalism. If in LQG dynamics the principal object of study is the physical
inner product between states projected onto the kernel of the Hamiltonian constraint, the
corresponding object of interest in the GFT formalism consists in the second quantization
of the spin network vertices. On the one hand, the Hamiltonian constraint imposed on spin
network vertices can be found in the classical action and their associated equations of motion
in the GFT approach. On the other hand, the LQG dynamics which is mainly encoded in
the single evolution history of a spin network state can be found in all its details in the form
of a GFT Feynman amplitude. However, from a field theoretic standpoint, this represents a
tiny piece of the true quantum dynamics. A generic continuum geometry is captured by a
(complicated) superposition of spin network states; in a GFT language the analogy is found
in a hugely populated state composed by many-particles.
In quantum field theory, the Schwinger–Dyson equations are one way to organize and
sum in a natural way the infinitely many diagrams that contribute to n−point functions
[33]. In this sense, they automatically contain non-perturbative information and encode
the complete quantum dynamics of the GFT models [34]. The equivalence to other non-
perturbative methods such as the Bogoliubov canonical transformation and the Gaussian
variational Ansatz, is well established. Nonetheless, it is clear that the Schwinger–Dyson
method is much more general than either of these. Therefore, in the continuum limit of GFT
models it is expected that the Schwinger–Dyson equations would admit an interpretation as
Hamiltonian and diffeomorphism constraints of the quantum gravity theory, and thus provide
the definition of the physical inner product (at least in a regime where topology changes are
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suppressed) for a non-perturbative domain.
The same quantum dynamics can also be given in an operator form for a GFT model
with an action S[ϕ, ϕ¯] given by (6). The quantum equations of motion for a generic state |Ψ〉
can be simply written as
δSˆ[ϕ, ϕ¯]
δϕ¯(gI)
|Ψ〉 = 0 , (8)
together with a second equation, obtained from the variation of the action with respect to
ϕ(gI , φ
J). As mentioned above, the kinetic K and interaction V kernels in the generic action
(6) can be chosen so as to reproduce the edge and vertex amplitudes of a spin foam model; i.e.
a perturbative expansion of the GFT partition function around the Fock vacuum can be made
to coincide with the expansion of the spin foam model. The connection between the previous
operator equations of motion and the path integral formulation lies on the Schwinger–Dyson
equations. Nonetheless, when dealing with interacting field theories, solutions to the latter
equation cannot be easily obtained; in fact, a general solution is not known without further
approximations. Nevertheless, the kinematical Fock space is known to be troublesome for
defining an interacting quantum field theory. According to Haag’s theorem one should not
expect solutions to the quantum dynamics to be defined as elements on the Fock space.
The GFT formulation allows to deal with problems that are analogous in condensed mat-
ter physics and hence it has allowed to make use of its ideas and methods. It proceeds by
seeking for some condensate state that can play the role of a new, nonperturbative vacuum
of the theory and that approximates the full solution state |Ψ〉, at least for a restricted
set of observables. This provides a direct route from Schwinger–Dyson equations to cos-
mological observables [35], avoiding the need for discussing an effective Wheeler–DeWitt
equation. In a systematic treatment, one would have to prove that these solutions to the
simplest Schwinger–Dyson equations approximate the fully dynamical solution (higher-order
equations would then be consistency conditions). In the next section it will be shown that
when restricting to states represented by a wave function obeying the homogeneity principle,
consistent effective quantum homogeneous cosmologies are obtained [36–38].
3 The condensed phase of GFT
The program of the GFT condensate cosmology (see Refs. [1,15,39] for reviews on the topic
and their application to homogeneous cosmology) is to represent a continuum geometry from a
quantum field theory for ϕ, function of four arguments valued in the SU(2) 6 and at least four
scalar matter fields degrees of freedom. The macroscopic and nearly homogeneous description
is very well approximated by the condensate phase of a large number of excitations over the
Fock vacuum of this field. One can think of coherent states such as Bose–Einstein condensates
or as similar to macroscopic electromagnetic fields in quantum optics. Simple models where
a phase transition produces a symmetry breaking providing a condensate phase have been
presented in Refs. [40], or using Landau–Ginzburg theory in [41].
The coherent state |σ〉 is an eigenstate of the field operator ϕˆ; i.e.
ϕˆ†(gI , φJ) |σ〉 = σ(gI , φJ) |σ〉 , (9)
and as condensate acquires a non-vanishing expectation value
σ(gI , φ
J) := 〈σ| ϕˆ(gI , φJ) |σ〉 6= 0 (10)
6An election that can be generalized [36,38].
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satisfying the symmetry breaking property. In this phase, the collective behaviour provides
geometric observables with expectation values way larger than the Planck scale. The extended
quantum geometric states together with the attached fields φJ can macroscopically distinguish
between different points over the condensate. Therefore, on the emerged spacetime one is
able to define a completely relational dynamics.
The simplest coherent state is defined by means of the mean-field approximation. When
any connectivity amongst the spin network nodes is neglected, meaning that tetrahedra are
not glued, the state can be written as a single-particle condensate state
|σ〉 ≡ N (σ) exp ( σˆ ) |0〉 ; (11)
where the normalization factor for a condensate model with an arbitrary large number of
quanta is given
N (σ) ≡ exp
[
−12
∫
dφJ
∣∣σ(φJ)∣∣2 ] (12)
and the condensate operator is defined as
σˆ ≡
∫
d4g d4φ σ(gI , φ
J) ϕˆ†(gI , φJ) . (13)
σ(gI , φ
J) is the analogue of the order parameter in condensed matter physics. This definition
is based on the idea that the homogeneity of the wave function for a many-particle state is
fully determined by the single-particle wave function. Under this very simple approximation,
fluctuations are ignored and σ(gI , φ
J) represents a condensate wave-function directly as a
classical GFT configuration.
In the second-quantized framework, the simplest one-body observable that can be con-
structed is the number operator
Nˆ(φJ) =
∫
d4g ϕˆ†(gI , φJ) ϕˆ(gI , φJ) . (14)
The wave function is not normalized; rather its norm determines the number of uncorrelated
quanta in the given state
N(φJ) = 〈σ| Nˆ(φJ) |σ〉 =
∫
d4g
∣∣σ(gI , φJ)∣∣2 (<∞) (15)
which is the (finite) expectation value of the operator (14) at a value φJ for each of the four
fields. The homogeneity condition for the wave function can be defined over more general
condensates containing additional topological structure and defined by a sum over connected
graphs of arbitrary complexity [37].
In the remaining part of this section and the next one, the two main testable structural
consequences of the cosmological principle will be discussed, with emphasis on how they are
both implemented from the GFT point of view. The GFT condensate approach involves
cosmological models which reproduce the spatially flat homogeneous and isotropic Fried-
mann–Lemaˆıtre–Robertson–Walker (FLRW) spacetime, but in a semiclassical limit where
the field operators are replaced by classical fields. This approximation seems to be suitable
enough for describing the emergence of a macroscopic and nearly homogeneous universe,
where small spatial gradients on the effective geometry can take place. In complete anal-
ogy with condense matter theory, if interactions get stronger, the mean-field approximation
breaks down. This behaviour is probably expected in the early universe or near the centres of
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black holes where quantum effects are relevant because of high curvatures; a nice discussion
on the ranges of validity of the mean-field approximation can be found in [25].
A Hartree–Fock mean field approximation (11) is the most simple collective wave function
constructed under the homogeneity principle. Its dynamics can be looked for in the expecta-
tion value of the (normal ordered) operator equations of motion obtained from (8). However,
one can appeal to the Schwinger–Dyson equations to be solved approximately
〈σ| δ̂S
δϕ¯
|σ〉 = δS[σ, σ¯]
δσ¯(gI , φJ)
= −K σ(gI , φJ) + δV[σ, σ¯]
δσ¯(gI , φJ)
= 0 . (16)
This expression provides a quantum cosmology-like equation for the ‘wavefunction’ σ (similar
to those obtained in Ref. [42]). The underpinning of the approximation into coherent states
is only valid in regimes where the interaction term, which contributes with a non-linear term
of the order of σ¯4, is subdominant. For instance, in Bose–Einstein condensate theory the
breakdown of the Gross–Pitaevskii equation is signalled by large fluctuation with respect to
the mean field associated to the particular quantum state considered, and nothing has to do
with any singularity of any particular solution. In this context, the microscopic dynamics
of the GFT quanta can be described hydrodynamically in terms of the collective variable
σ(gI , φ
J), the condensate wave function.
This hydrodynamic limit is understood as an effective collapse of the Schwinger–Dyson
tower of equations into the simplest one. The simplicity of the state |σ〉 makes this equations
to become the one-particle correlation function –which is exactly σ(gI , φ
J)–. The continuum
nature of the picture arises from the fact that, given the equivalence with the path integral
formulation, the coherent state is given by an infinite sum over numbers of disconnected
spin networks nodes (implicitly a sum over ¡¡not yet connected” graphs). Therefore |σ〉 is a
non-perturbative state with respect to the Fock vacuum, but now playing the role of a new
non-perturbative vacuum of an effective theory obtained after the hydrodynamical limit.
Analogously to the Gross–Pitaevskii equation, the condensate equation (16) is non-linear,
as to be expected in a hydrodynamic context. The non-linearities effectively encodes the mi-
croscopic interactions between fundamental quanta. These interactions are ultimately respon-
sible for developing inhomogeneities at both the microscopic and macroscopic scales. This
equation is of course a weaker condition than (8); in terms of the truncated Schwinger–Dyson
equation, the theoretical error in the resulting effective theory can be estimated by the mag-
nitude of the neglected terms. These terms can be reconstructed in terms of the non-Fock
representations for describing interacting fields. With this inequivalent representation of the
canonical commutation relations (with respect to the free theory) the interacting theory natu-
rally provides fluctuations over the homogeneous background associated with inhomogeneities
of the condensate.
There are various ways of choosing a suitable form for the kinetic and interaction oper-
ators. If the aims of GFT is to define the dynamics of LQG, they can be quite generically
chosen in such a way that the Feynman amplitudes of GFT correspond to the amplitudes
between boundaries of the spin foam models; see for instance [42] for an effective description
of inhomogeneities in a non-linear extension of LQC. However, the purpose of this review
is to show in which degree GFT reproduce in a consistent manner a cosmological scenario
without making a concrete assumption on a particular model.
To get an initial insight on the effective dynamics of GFT condensates, two approximations
are usually imposed. The first one involves all symmetries of the employed free massless scalar
fields φJ used as matter to introduce relational cosmological observables [25]. As mentioned,
these matter reference frames allow us to define an effective dynamics formulated exclusively
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in relational terms, where spacetime points in the emergent spacetime description can now
be distinguished7. Each scalar field satisfies the Klein–Gordon equation which is equivalently
understood as a harmonic coordinate condition for each field
∇µ∇µ φJ = 0 . (17)
Concerning the symmetries of the material clocks and rods, the GFT dynamics should be
invariant under
1. constant (arbitrary) shifts φJ 7→ φJ + φJ0 ,
2. the time-reversal or parity transformation φJ → −φJ ,
3. rotations φi → Oij φj , with Oij ∈ O(3) and i, j = 1, 2, 3 .
In this manner, these class of GFT models work in an effective field theory (or hydrodynamic)
expansion for the kernel K in (even) derivatives with respect to the fields φJ ; the first symme-
try forbids any explicit dependence on φJ . In Refs. [25,43–46] is argued that the low-energy
GFT dynamics can be compared with cosmology on large scales when K is truncated up to
second order derivatives as
K = K0 + K˜1 ∂
2
∂(φ0)2
+K1
3∑
i=1
∂2
∂(φi)2
+ . . . (18)
The dots stand for fourth and higher derivatives which are suppressed. Let us note that
the coefficients Ki in this expansion are still differential operators with respect to the SU(2)
variables gI and therefore they can contain (even) derivatives with respect to these variables.
The second approximation usually made for extracting physical states of the theory is to
consider for the building blocks of geometry to be all in the same microscopic configuration
and all in a weakly interacting regime in which the effect of V on the dynamics can be
neglected. This implies for the GFT quanta to be uncorrelated; necessary condition for
defining the coherent state |σ〉 in a mean-field treatment given by Eq. (11). This drastic
approximation is not strictly necessary. In fact, it is not suitable for strong coupling regimes
and it breaks down with the grown of the particle number intervening in the picture. The
free approximation is valid only in a mesoscopic regime where the particle number for a given
volume of the state is not so large. Some studies include the potential V of the effective
dynamics for some particular models of GFT condensates [47]. In some cases, interaction
terms become important at late times after a prolonged phase of acceleration. In [48] it is
presented a model with a cyclic evolution leading to a recollapse of the universe, analogous
to a negative cosmological constant.
Under both approximations, replacing the general expansion for the kinetic kernel (18)
in the r.h.s. of Eq. (16), one gets the following equation of motion(
K0 + K˜1 ∂
2
∂(φ0)2
+K1
3∑
i=1
∂2
∂(φi)2
+ . . .
)
σ(gI , φ
J) = 0 . (19)
The uncorrelated state solving this equation has interesting cosmological applications to be
reviewed in what follows. Being a many-particle state with an analogous hydrodynamical
treatment, it can contain information about the connection and the metric at many different
7See Section 5.2 for clocks and Section 6 for rods.
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points in space. To distinguish them, the introduced massless scalar fields represent relational
clocks φ0 and relational rods φi defined over the condensate. Apart from the symmetries 1–3,
no assumptions have been made over these fields. One of the main goals of this condensate
approach is to provide an affective cosmological dynamics consistent with general relativity
at a low curvature regime, but this description naturally encompasses possible quantum
corrections.
4 Isotropic condensate states
The construction of simple coherent states like (11) finds its motivation in their properties
and their analogies with Bose–Einstein condensates. In fact, the idea that spacetime could
be treated as a kind of Bose–Einstein condensate of geometric quanta was formulated in
other approaches before [49]. As we will see in the following, these states are the building
blocks for obtaining a cosmological picture with geometries characterized by a nearly spatial
homogeneity and isotropy. However, these states |σ〉 cannot be interpreted as the graphs
usually employed in LQG. They are rather “graphs” constituted by a large number of discon-
nected constituents (vertex or tetrahedra) understood as GFT quanta. In the dual picture,
this is depicted as open spin networks, where four links carrying group theoretical data are
attached to each vertex, but these vertices are not connected to each other. These quanta are
supposed to condense into a macroscopically occupied “ground state” described by the mean
field σ(gI , φ
J) representing the condensate wave function and understood as a superposition
of states with all possible particle numbers. Again, in this approximation, fluctuations over
this condensed phase are ignored and only after a well-established homogeneous configuration
is obtained, fluctuations are re-established as a natural feature due to quantum uncertainty.
It is worth noticing that it is quite misleading to interpret σ as a quantum mechanical
wave function. Not only due to the normalization linked to the average particle number,
but also and more importantly, because the superposition principle does not hold here, and
the probability interpretation is not direct. In the mean-field approximation, self-consistency
implies the existence of a regime where the field equation (19) is approximately solved only
considering the first kinetic term. The dynamics of σ is typically governed by nonlinear and
nonlocal equations (while all dynamical equations on the Hilbert space and on the GFT Fock
space remain linear). As mentioned, at some point interactions should become dominant,
since the particle number scales as |σ(gI , φJ)|2 and the potential contains higher powers of σ
and σ¯. However, in the mean-field regime motivated by the nearly homogeneous character of
our universe, the equation is still linear and explicit solutions can be straightforwardly found.
In the following a further restriction on the structure of the wave function of the con-
densate will be imposed for capturing the FLRW cosmology. GFT recovers the microscopic
configurations from an effective continuum dynamics which results a non-linear generaliza-
tion of LQC [36, 38]. As it will be shown in this and the following sections, the restriction
to isotropic modes for the microscopic states leads to further simplifications that allow us
to reconstruct isotropic quantities like the spatial volume, the cosmological scale factor and
thus the Hubble rate, all from σ(gI , φ
J). Given the equivalence between the representation
as spin network nodes and tetrahedra, in the GFT context it is argued that the natural way
to require isotropy is to impose the most ‘isotropic’ condensate configuration. In classical ge-
ometry one would think of equilateral tetrahedra whose four faces are equal and the resulting
volume is maximized. This ideas have been translated to the quantum picture in [25,43].
At a quantum level, one approaches Eq. (19) using Peter–Weyl theorem [50] to decompose
the wave function into SU(2) representations. The left “gauge symmetry” in (4) implies for
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the GFT condensate to obey the identity σ(gI , φ
J) = σ(hgI , φ
J) for all h ∈ SU(2). It is
desirable to give a precise geometric interpretation to the condensate as a continuous and
homogeneous spatial geometry. In this picture, the condensate wave function is interpreted
as a probability distribution on the space of such homogeneous geometries. However this
interpretation requires a right invariance under the diagonal group action for the condensate;
i.e. σ(gI , φ
J) = σ(gIk, φ
J) for all k ∈ SU(2). This yields for the state to only contain the
gauge-invariant degrees of freedom of a tetrahedron and consequently σ becomes a function
on SU(2)\SU(2)4/SU(2), which is isomorphic to the space of connection degrees of freedom
of a homogeneous universe in LQC [51]. However, this symmetry is not a symmetry of the
GFT field, as it is the left invariance8, but an imposed property on certain states with the
purpose of reducing the number of dynamical degrees of freedom for obtaining the previous
interpretation. This approximation captures well enough the diluted or weakly-interacting
physics of Bose–Einstein condensates [52].
As GFT makes use of the kinematical space of LQG, the picture of the fundamental
building blocks of the theory coincide. Given the analogy between graphs and simplices, each
node represents a “chunk” of space carrying a quantum of volume which depends on the
colours of the node. These volumes can be associated to the volumes of tetrahedra, each of
them with its four faces taken as “elementary surfaces” dual to the links, which carry quanta
of area [53]. However, the novelty of GFT concerns the dynamics of these quanta. Although
both theories share the underling building blocks, the way GFT accounts for the effective
semiclassical description is very different with respect to the continuum and classical limit of
LQG. In this sense, in both theories the quantized space does not reside “somewhere”, but
it itself defines the “where”; yet the hydrodynamical limit of GFT defines this “where” as
an effective theory that is not useful for describing the dynamics of the quanta, but only the
collective behaviour of a big number of them. In this manner, the SU(2)−invariant subspace
carries a unitary representation of DiffΣ and reduces the wave function to a simple form
if written in terms of linear combinations of a pair of suitable intertwiners: I¯j,ılmn and Ij,ırmn ,
one associated to the left gauge invariance and one to the right closure condition. These
intertwiners define invariant mappings between SU(2) representations and they are elements
of the Hilbert space of states of a single tetrahedron. Given the volume maximization analogy
with a classical tetrahedron, the intertwiners should be chosen so that they are eigenstate
of the LQG volume operator with an associated eigenvalue being the largest possible for the
given j.
As mentioned, each of the four links gI (or faces) are coloured with spin−j irreducible
representation of SU(2). The analogy between the equal areas of the faces of the tetrahedron
and the restriction to an expansion over isotropic modes only for the underlying GFT quanta
is understood as expanding over the same four jI , i.e. j1 = j2 = j3 = j4, one for each (of
the same) coloured link associated to each node of the spin network. In this approximation,
the spin network vertices are said to be monochromatic and, together with the homogeneous
restriction, all of them are exactly equal.
With the aim of extracting a homogeneous, isotropic and spatially flat cosmological sector
from quantum gravity, let us decompose the wave function, solution for the equation of
motion (19), into a basis of orthonormal functions given by the Wigner Djmn(gI)−matrices.
With this procedure, we group all dependence on gI in fixed functions D
j(gI), which are an
appropriate convolution of four Wigner D−matrices with intertwiners9, such that quantum
8This election is a convention and can be exchanged; on the other way around, one can start with a right
“gauge symmetry” on the ϕ field and then impose the left invariance over σ obtaining equivalent results.
9In the convolution of Wigner D−matrices with SU(2) intertwiners, the usual range of values for the
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geometric properties of the field are stored in the scalar wave functions σjI , ılır ≡ σj(φJ) that
now only depend on the volume of the tetrahedron (or equivalently, on the surface area of one
of its faces), as well as on the scalar field φJ . Therefore, the restricted mean field expanded
in irreducible SU(2) representations is written as
σ(gI , φ
J) =
∑
j∈N02
σj(φ
J)Dj(gI) (20)
where the coarse-grained degrees of freedom are now captured by each of the wave functions
σj(φ
J). Refs. [54,55] discuss whether the restriction to expansions in only a single spin j la-
belling the irreducible representations of SU(2) can be relaxed, together with their consequent
effective dynamics in the large-scale limit. Recall that lifting the isotropic restriction allows
to investigate anisotropic GFT condensate configurations. According to [55], anisotropies
play an important role only at small values of the relational clock φ0 (i.e. at small volumes),
whereas at late times the isotropic mode become dominant.
For the usual GFT actions, the kinetic operator K only contains derivatives, but no
explicit dependence on gI . In the common situation where all terms in the expansion of K in
Eq. (19) are general functions of the Laplace–Beltrami operators with respect to the SU(2)
variables gI , we can define the following coefficients
K0Dj(gI) := −BjDj(gI) , K˜1Dj(gI) := AjDj(gI) , K1Dj(gI) := CjDj(gi) ; (21)
Aj , Bj and Cj are j−dependent couplings depending on the original GFT kinetic terms and
with no further derivatives. Each Laplacian acting on each gI contributes with an eigenvalue
−j(j + 1). Recall that Dj(gI) encode the monochromatic (equilateral) character of the spin
network nodes (tetrahedra). The Wigner matrices are eigenfunctions of the SU(2) Laplacian,
then the Peter–Weyl decomposition leads to a decoupling of (19) into independent equations
for each j, written as (
−Bj +Aj ∂2φ0 + Cj
3∑
i=1
∂2φi
)
σj(φ
J) = 0 . (22)
In homogeneous configurations, the handling of “rods” φi loses meaning. Therefore, when
deriving the global aspects of a FLRW cosmology only the first two terms matter. In the next
section, it will be shown that the two corresponding coefficients, Aj andBj , can be constrained
when requiring the theory to be compatible with Friedmann equations. However, condensate
fluctuations are expected to break the homogeneity; analogously as when in the cosmological
model one considers deviations from the cosmological principle. In such a case, “rods” must
be reintroduced to locate these deviations, whose power spectrum is probably expected to be
associated to classical inhomogeneities observed in the cosmic microwave background (CMB)
spectrum. At this point, the third term becomes meaningful. We will return to discuss this
topic in Section 6.
Interestingly, if one expands σj in Fourier modes with respect to the spatial coordinates
pictured as the scalar fields φi, a complete set of solutions to (22) can be obtained; this is
σKij (φ
J) = eiKiφ
i
α+j exp
(√
Bj+CjK
2
Aj
φ0
)
+ α−j exp
(
−
√
Bj+CjK
2
Aj
φ0
) , (23)
magnetic indices is taken: −j ≤ m, n ≤ j. The indices ı labels the possible intertwiners elements in a basis of
the Hilbert space; ıl and ır points to the imposition of the left and right invariance to the field. To a detailed
construction of the wave function see for instance [25]; here we just sum up the main steps for deriving a
cosmological sector from the full theory.
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with α+j and α
−
j as arbitrary constants. The coupled scalar fields do not only act as sources
of matter fields driving the expansion of the universe and the corresponding cosmological
perturbations, but also as ‘tools’ to define local coordinates. GFT models are constructed
demanding background independence; hence any coordinate system constructed of physical
degrees of freedom must be relational. In the limit in where they are turned off, we obtain
a homogeneous solution. Being the condensate wave function at a given time φ0 entirely
determined by just one geometric quantity, the spin j, the only geometric quantities that can
be extracted from this condensate wave function are isotropic quantities like the total spatial
volume, the Hubble rate, etc.
5 The Friedmann universe
Let us now consider proper GFT cosmological models. In this section it will be shown how
to obtain a FLRW universe from the condensate wave function (23). However, we first give
the main ingredients of cosmological implications derived from General Relativity to show
explicitly how the previous approximations to GFT quantum gravity formalism lead us to a
quantum picture consistent with classical results in the continuum and semiclassical limit.
5.1 Classical general relativity
It is well known how to introduce physical reference frames and how to define relational
dynamics in general relativity. Let us consider a massless free scalar field that plays the role
of a relational clock in a flat FLRW metric of the form
ds2 = −N2(t) dt2 + a2(t) dx32 . (24)
The structure of the metric entails a foliation for the universe on isotropic and homogeneous
hypersurfaces dx3
2 with flat intrinsic geometry in R3 parametrized, relative to one another,
by a scale factor a(t).
The action for the scalar field, considering limiting cases in which the backreaction of
reference matter on the geometry can be neglected, is
Sφ = −1
2
∫
d4x
√−g gµν∂µφ∂νφ ; (25)
hence the matter clock obeys the Klein–Gordon equation, which reduces to
∇µ∇µφ = 0 ⇒ d
dt
(
a3
N
dφ
dt
)
= 0 ⇒ a
3
N
dφ
dt
= constant . (26)
The assumption of a nonnull constant provides a good characteristic for the clock φ; as its
corresponding momentum piφ is conserved, it has a monotonic evolution; hence it can be
written as φ = φ0 T . If for instance φ0 has dimensions of mass, the ‘temporal’ scalar field T
becomes dimensionless.
The other equation to solve is (
da
dT
)2
=
4piG
3
φ0
2a2 , (27)
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which is a Friedmann equation giving two independent solutions:
a(T ) = a0 exp
(
±
√
4piG
3
φ
)
, (28)
each of them corresponds to an expanding or contracting universe, respectively. According
to the classical solution, a singularity V → 0 appears in the far past where, due to our choice
of time field φ, corresponds to infinity. However, this singularity is reached in a finite proper
time if written in the propitious coordinates.
A quantum theory of gravity coupled to a massless scalar field should reproduce at some
point the last equation but avoiding the singularity behaviour. This is the basic idea since
the early days of quantum cosmology [56] that later on also informed the foundations of
LQC. The requirement for the temporal coordinate to satisfy the harmonic condition avoids
quantization ambiguities when choosing the lapse function [57].
5.2 The homogeneous universe in GFT
At this point we have a condensate with an isotropic structure imposed from the quantum
symmetries. If spatial homogeneity is also desired, this would correspond to demand the
Fourier mode ~K = 0 for the mean field solution in the general solution (23). This requirement
makes the rods φi, with i = 1, 2, 3, meaningless, as there is no need to refer to locations over
an exactly homogeneous state. Then, the mean field would have the form
σj(φ
J) ≡ σj(φ0) , (29)
being only a function of one scalar “time field” φ0, playing the role of a relational clock. This
implies for the condensate wave function to become
σj(φ
0) = α+j exp
√Bj
Aj
φ0
+ α−j exp
−√Bj
Aj
φ0
 . (30)
If we assume that the condensate mean field takes its homogeneous form, the associated
(background) universe of course would result homogeneous.
Once the mean field solution is found, it is of interest to define the relational 3−volume
for this state. This can be done by means of the second-quantized vertex volume operator.
This one body operator generically would define for the mean field wave function (23) a
local volume element at the spacetime point specified by values of the reference fields, this is
Vˆ (ϕJ). In the particular case of the homogeneous universe under consideration, the constrain
(29) would then define the element volume only at a given relational “time” φ0
Vˆ (φ0) =
∫
SU(2)4×SU(2)4
d4g d4g′ ϕˆ†(gI , φ0)V LQG(gI , g′I)ϕˆ(g
′
I , φ
0) . (31)
The matrix elements V LQG(g, g′) ≡ 〈gI |V LQG
∣∣g′I〉 are the matrix element of the volume
operator between single-vertex spin networks states in LQG. Although there are several dif-
ferent definitions of the volume operator in the theory [58], all of them agree when 4−valent
vertex are considered [59]. In fact, it is helpful to choose a basis of intertwiners10 I that
diagonalizes the action of the LQG volume operator on a spin-network node. Hence, the
10Recall the discussion in Section 4 concerning the functions D(gI)
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interpretation from the underlying quantum theory is that the quanta ϕ will carry a definite
volume given by the corresponding eigenvalue of the LQG volume operator.
Let us now go back to the homogeneous GFT state σj(φ
0), the expectation value for the
volume operator (31) can be evaluated immediately when coherent states of the form (11)
are considered
〈Vˆ (φ0)〉 =
∫
d4g d4g′ σ¯(gI , φ0)V (gI , g′I)σ(g
′
I , φ
0) . (32)
This result corresponds to the total 3−volume at a relational time φ0, associated to such
condensate state. This procedure is not a novelty of GFT; for instance, the total volume of
the universe at a fixed value of the scalar field is one of the main relational observables of
interest in LQC [57,60]
If we also impose the isotropic wave function constraint discussed in (20), since the volume
operator is diagonal when written in terms of SU(2) representations, the volume expectation
value of the condensate in such a state reduces simply to
〈Vˆ (φ0)〉 =
∞∑
j=0
Vj
∣∣σj(φ0)∣∣2 . (33)
The latter expression is written in terms of the local particle number density for each quanta
of spin j. The approximate eigenvalue of the first quantized volume operator acting upon a
node, although depending on the intertwiner used to define Dj(gI), is very well approximated
for each j by Vj ∼ `3Pl j3/2.
The evolution of the local volume elements then provides the macroscopic behaviour of the
state (30), which will depend on the choice of the initial parameters α+j and α
−
j . Some general
statements can be sketched out for some GFT models: if the ratio Bj0/Aj0 is positive and
develops a maximum for a given j = j0, except for the fine-tuned cases with α
+
j = 0 or α
−
j = 0,
the spin j0 will dominate over all others. Hence for almost any condensate homogeneous wave
function of the form (29), its associated volume will asymptotically behaves as
〈Vˆ (φ0)〉 φ
0→−∞−−−−−−→ ∣∣σ−j0∣∣2 exp
−2√Bj0
Aj0
φ0
 ,
〈Vˆ (φ0)〉 φ
0→+∞−−−−−−→ ∣∣σ+j0∣∣2 exp
+2√Bj0
Aj0
φ0
 ;
(34)
where the global constants are related to the volume eigenvalue assigned to the spin j0 by
|σ±j0 |2 = Vj0 |α±j0 |2. In such a situation an exponentially small number of quanta are char-
acterised by a single spin j0 excitation, implying mainly a constant volume per quantum.
This domination of a single and small spin component in the cosmological dynamics of the
homogeneous and isotropic background can be shown to take place at later times [61]; how-
ever it is also achieved exponentially fast and hence it can be expected to be an acceptable
approximation also at earlier times [54]. In this manner, the evolution of the total volume
only depends on the growth of the number of particles with spin j0 given by the exponential
factor in Eq. (34).
These GFT states closely match the heuristic relation between LQG and LQC, where
this type of quantum states are usually assumed [62]. Despite the exact relation between
both theories remains open, some proposals analyse a cosmological sector of LQG built up
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on states with large number of spin network nodes, all labelled by the same quantum num-
bers. The nodes are considered to be disconnected and all links are dressed with the same
SU(2) representation label. Commonly, the spins are taken to be j = 1/2, and homogene-
ity considerations justify the same number of links per node, typically chosen as 4−valent
nodes. Shortly, LQG also suggests to consider quantum geometry condensates where all its
constituents are quanta in the same state [63]. All these features are naturally encoded in the
cosmological results obtained from the GFT formalism; hence the latter can be considered as
a field theory reformulation of LQG and spin foam models. However, it is worth mentioning
that a derivation of LQC from Hamiltonian formulations of LQG is a largely outstanding
challenge [64].
Interestingly, for large (positive or negative) φ0, the coefficients Aj and Bj are identified
with the low energy (emergent) Newton constant G as follows: Bj0/Aj0 = 3piG, Eq. (34)
reproduces the classical Friedmann equation of general relativity in (28). Therefore, the
resulting expression point towards a regime where the universe expands to a macroscopic size
(if σ±j0 6= 0). This compatibility was one of the main results of [25, 43] and is obtained for a
range of parameters of the microscopic dynamics in a suitable semiclassical regime and, as
mentioned before, for generic initial conditions [61].
It is also worth mentioning some properties characterizing this range of GFT models with
the desired asymptotic behaviour. First, at small volumes, in the Planck regime, the theory
interpolates between the classical expanding and contracting solutions (28) of the classical
Friedmann dynamics. This implies that the universe undergoes a bounce, i.e. the volume
elements never go through zero avoiding or ‘resolving’ the classical big bang singularity. In
fact, it is possible to show that a singularity where 〈Vˆ (φ0)〉 strictly vanishes for some value of
the clock field φ0 is only possible for special (hence fine-tuned) initial conditions. Therefore,
instead of a singularity, there is just a very dense region where an effective quantum force
appears like a repulsion that prevents the collapse. Secondly, the asymptotic behaviour in
Eq. (34) shows an exponentially growing phase in both temporal directions: to the far past
and the future (contrary to the classical solution that, as mentioned in Section 5.1, presents
a singularity in the far past). Third, properties of interest are the corrections to the classical
Friedmann dynamics. Indeed, some mean field solutions provide corrections that can be
matched to the “improved dynamics” of LQC [65]. For instance, similar derivations to LQC
dynamics but from GFT condensates can be found in [66].
More recently, a different analysis of GFT using Hamiltonian methods has been developed
in Ref. [67]; this topic is further discussed in Section ??. There are many results that can serve
as a starting point for GFT phenomenology: the generic quantum bounce can be followed by
a subsequent acceleration replacing the inflaton theory [68], the inclusion of interactions in
the GFT [55,69] and their subsequent effects which become dominant away from the bounce.
6 Beyond homogeneity
We have seen how GFT offers a consistent proposal for condensate states in a low curvature
regime where they describe an effective macroscopic spacetime that emerges dynamically.
As repeatedly mentioned, GFT models are connected to previous work done in the LQC
context; both provide analogous mechanism for the singularity resolution. However, GFT
might explain the emergence of a semiclassical universe as the simplest approximation and
more complex situations are expected to be derived. The extension of this framework be-
yond the spatial homogeneity by including, for instance, cosmological perturbations into the
formalism, allows more realistic cosmological scenarios where inhomogeneities are present.
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One would be interested in computing the non-vanishing power spectrum of cosmological
perturbations over this mean field state. Let us approach this issue by bearing in mind the
analogy with Bose–Einstein condensates. Perturbations can be added to (30) in an analogous
manner as phonons appear as deviations from condensates with exact homogeneity. Hence,
perturbations around the mean field solution are considered as vacuum fluctuations that are
to be converted into classical inhomogeneities in a later stage of the universe [45]. The main
point when introducing first corrections to the previously found homogeneous state, is to
re-establish the rods φi eliminated in Eq. (29).
Different approaches have been considered to include perturbations. For instance, one can
associate a constant mean field solution but only to ‘local’ patches, labelling them by making
use of the four scalar fields coordinates. The inhomogeneity relies in the fact that different
patches do not necessarily have the same constant mean field solution, thus the effective
homogeneous geometry does not necessary coincide among different patches. This picture
for incorporating inhomogeneities is based on the so-called ‘separate universe approach’ [70],
whose main characteristics are considered in the GFT condensate cosmology [71].
In the remaining of this section, we will focus instead on quantum fluctuations of the local
3−volume around the exactly homogeneous background condensate derived in Eq. (30). The
GFT models discussed above have enough degrees of freedom for describing inhomogeneous
quantum geometries and their effective dynamics which is expected to be a realistic picture
of fundamental cosmology. Quantum fluctuations would then represent the quantum grav-
itational mechanism for explaining the origin of these inhomogeneities. This procedure is
analogous to the usual treatment in inflation where the power spectrum of quantum fluc-
tuations over a homogeneous quantum state is computed (instead of a quantum state on
a classically perturbed geometry). These fluctuations are generically expected because of
quantum uncertainty and they would freeze out producing the classical pattern on inhomo-
geneities currently observed in the CMB [72]. Besides, these homogeneities would provide a
lower bound on deviations from exact homogeneity in GFT [73]11.
The procedure for introducing vacuum fluctuations into the picture is represented as in
Section 5.2 where an effective cosmological dynamics under cosmological principle can be
extracted from the volume operator. The main obstacle of this treatment is the absence of a
notion of “wavenumber”, which is usually defined through the spectrum of a suitable Laplace
operator. Therefore the results in Refs. [73, 74] only describe homogeneous perturbations or
global quantities. Hence one needs to generalize the operator (31) to encompass notions of
spatiality to be capable of describing the fluctuations over the condensate. The procedure is
direct: we extend the formalism attaching a part from the clock φ0, the three other massless
scalar fields φi, that is, by replacing φ0 → φJ so as to assign a clock and rods to each point of
the condensate by coupling a four reference matter frame to a GFT for gravity. The volume
operator is then written as
Vˆ (φJ) =
∫
SU(2)4×SU(2)4
d4g d4g′ ϕˆ†(gI , φJ)V (gI , g′I)ϕˆ(g
′
I , φ
J) . (35)
The meaning of the latter expression differs from (31); here Vˆ (φJ) refers to the local vol-
ume element at the spacetime location specified by the components of the φJ field. Scalar
perturbations in cosmology are then obtained from perturbations in these local volume ele-
ments. Strictly speaking, Vˆ (φJ) corresponds to a density. The infinitesimal local volume is
11 Further work has to be done in the GFT framework to derive the CMB power spectrum and that to our
knowledge there is no evidence for it yet.
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then Vˆ (φJ)δ4φJ and the total 3−volume (31) is still interpreted as the total volume of the
universe modelled as a condensate state. At a given moment of the relational time φ0, its
value is obtained by integrating over the rods φi,
Vˆ (φ0) ≡
∫
d3φi Vˆ (φ0, φi) . (36)
The main idea is that cosmic structures are expected to be formed from early local
volume fluctuations. In the GFT cosmology approach, this pattern is expected to be encoded
in the correlation functions for the geometric observables. These correlation functions encode
the ‘true’ fundamental quantum dynamics and are understood as sum over graphs, dual to
discretisations of manifolds given the aforementioned duality between tetrahedra and vertices.
For the ongoing discussion, let us compute correlations in local volume fluctuations over the
state (11). It is defined the local volume fluctuation operator as
δVˆ (φJ) = Vˆ (φJ)− 〈Vˆ (φJ)〉 (37)
with respect to the generalized volume operator (35). Then, it is of interest to compute the
following two-points function
〈δVˆ (φJ) δVˆ (φ′J)〉 . (38)
The idea of characterizing perturbations employing matrix elements of the one-body squared
volume operator V 2(gI , g
′
I) is not new. This procedure has been first presented in [73] but
without referring to any notion of rods. Consequently, the results that can be derived from
this formalism can only achieve global properties. Later on, in [46] the formalism has been
generalized to include rods. This modification enables us to extract local information re-
garding perturbations; for instance, the Fourier transformation from φi to their momenta
ki provides notions of wave length with respect to the reference frame fields. As discussed
below in a minute, the transformation to momentum representation allows to write the power
spectrum of inhomogeneities into the usual Fourier space form.
Let us now consider perturbations around exact homogeneity. These are written as
σj(φ
J) = σj(φ
0)
[
1 +  ψj(φ
J)
]
; (39)
where the field ψj(φ
J) represents condensate perturbations ‘located’ by means of the four
scalar fields. As already mentioned, this procedure is analogous to the propagation of phonons
over a condensate. These GFT phonons were firstly proposed in [36], however their interpre-
tation was not clear until rod matter fields were included. This inclusion is the conventional
manner to consider quantum fluctuations in the local volume as seeds of cosmological inho-
mogeneities.
As shown in [46], the power spectrum for the volume perturbations can be derived for
the GFT condensate state but now taking into account quantum corrections. Computing the
quantum fluctuations of the volume expressed as the two point function (38) for the state
(39) one obtain the following expression:
〈Vˆ (φ0, ki)Vˆ (φ′0, k′i)〉 − 〈Vˆ (φ0, ki)〉〈Vˆ (φ′0, k′i)〉 = δ(φ0 − φ′0)
∑
j
Vj
2
∣∣σj(φ0)∣∣2×{
(2pi)3δ3(ki + k
′
i) + 
[
ψj(φ
0, ki + k
′
i) + ψj(φ
0,−ki − k′i)
]}
.
(40)
The delta function in φ0 is obtained because Vˆ (φJ) is as said before a density on the scalar
field space. In agreement with the results obtained when considering an exact homogeneous
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background, the first term is naturally scale invariant with respect to the rod wavenumbers
ki, and its scale depends only on the reference matter through the matter clock φ
0. Besides,
in this very same term, the delta function in the momentum implies a deep connection
between scale invariance and translational invariance. The second term corresponds to first
deviations from the scale invariant homogeneous mean-field, associated to inhomogeneous
fluctuations, which naturally have small relative amplitude. In agreement with the usual
cosmological perturbations, their shape must solve the condensate dynamics and they are
fully determined in a two-fold manner by the coupling with the background on the one side,
and by their own dynamics on the other one.
A magnitude of particular interest can be defined by the amplitude of the volume fluc-
tuations relative to the background; this is the quotient between (37) and the background
volume 〈V (φ0)〉, both at a given ‘time’ φ0. It is worth to note that the background volume is
not exactly the one given in Eq. (33) because, as mentioned in (36), it should be regularized
by the integral over the added matter rods φi. Following this procedure, it is written as
〈V (φ0)〉 =
∫
d3φi
∑
j
Vj |σj(φ0)|2 . (41)
It is useful to remind that this magnitude is directly associated with the number of quanta
that make up the condensate.
To encompass first corrections, we should use at least the two correlation functions com-
puted in (40). If this is so, this magnitude should be divided by the square of the background
volume written above. Let us recall the previous analysis regarding states with a dominance
of a single spin j0. Keeping the dominant part of the power spectrum of such perturbations,
we have
PδV (k) =
Vj0
2
∣∣σj0(φ0)∣∣2(∫
d3φi Vj0
∣∣σj0(φ0)∣∣2)2 = Vj0(∫ d3φi)V (φ0) . (42)
In the particular cases where in the equation of motion (22) we have Cj/Bj < 0, the inho-
mogeneous term is hence further suppressed. Therefore, for large volumes, inhomogeneous
perturbations decay relative to the homogeneous background. Besides, if interacting GFT
are considered [48], the obtained long-lasting accelerated expansion (after the bounce) is
accompanied by a further suppression of the deviations from scale invariance.
Considering that in Eq. (42) V (φ0) = N(φ0)Vj0 , the relative amplitude of these scalar
perturbations decreases as ∼ 1/N ; i.e. they decrease with the growth of the number of quanta
N while φ0 evolves and the universe expands. These scaling results are in agreement with
the typical relative size of fluctuations in a condensate. Analogously, these fluctuations arise
naturally in the GFT condensate approach, but within a quantum gravity theory for gravity
and matter, which has a properly defined ultraviolet completion.
7 Closing discussion
The consistency of the GFT condensate cosmology has grown in the last couple of years
because it could rely not only on the convergent results with models derived from LQG, but
also from Asymptotic Safety. An interesting consequence of Asymptotic Safety is that the
original four-dimensional spacetime undergoes a dimensional reduction in the short-distance
regime. Starting from the classical four-dimensional spacetime, the spectral dimension of the
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“emergent” effective spacetime varies with the energy scale and reaches the value deff = 2
in the ultraviolet limit [75].
The same result has been obtained in other approaches to Quantum Gravity, such as
Horˇava–Lifshitz gravity [76], causal dynamical triangulation [77], LQG [78] and, quite re-
cently, double special relativity [79]. All these approaches could describe different facets of
the same quantum theory and GFT is not excluded from the list. For instance, a candidate
ultraviolet fixed point has been found for GFT [80]. This fixed point suggests the presence
of two distinct infrared phases and is associated to results supporting the existence of GFT
phases of the condensate type.
Another aspect that we would like to underline is the important role played by the EPRL
GFT model for describing the effective cosmological dynamics in hydrodynamical terms for
a specific class of condensate wave functions which encode the microscopic dynamics of the
EPRL model [15].
The key property of the GFT based on the EPRL spin foam model is that (i) the kinetic
term contains a Kronecker delta between the j, m and intertwiner labels ı, and (ii) the
interaction term contains a Kronecker delta for the j labels colouring the links that meet
in the interaction. The input from the EPRL model is in the combinatoric form of the
j and m arguments in the field variables which is due to the presence of Kronecker delta
functions in the interaction term. The functions encode a specific relation between the SU(2)
representation labels and SL(2, C) representations, as well as a condition of invariance of the
same functions under SL(2, C). This specific relation between SU(2) and SL(2, C) data is
the end result of the EPRL prescription for imposing the constraints reducing topological
BF theory to gravity, and these are the conditions enforcing geometricity of the simplicial
structures of the model, see [25]. These are all aspects that are fundamental to obtain the
effective cosmological dynamics that is extracted from the microscopic quantum dynamics
of the model. Let us remark that for the time being, although these general arguments
provide some restrictions on the possible terms that could appear in the GFT action (6), an
important open problem is to determine exactly which choices of K and V are required for
giving a good quantum gravity theory that recovers general relativity in the classical limit.
Anyway, in order to translate the theory into a set of equations for cosmological observables,
the addition of a scalar field variable is crucial, since it allows us to define within the full
theory a set of relational observables with a clear physical meaning.
Of course, the ways of including a scalar field as matter content is an open problem
not only in GFT but in any discrete quantum gravity model per se. The use of matter
reference frames is not new; it dates back at least to DeWitt proposal [81] where coordinates
are proposed to be constructed with convenient matter scalar variables (in [82] an extended
discussion can be found). More contemporary advances have been obtained by using dust
matter to account for this effect. First insights have been proposed by Brown and Kucharˇ [22]
and generalizations to LQG have been developed in Ref. [83]. Relevant advances have been
done also by Gielen [46,84]. With regard to models constructed from the theories discussed in
this review, the employment of a massless scalar field as a relational clock defining relational
dynamics also appears in canonical LQG [85] and LQC [86,87].
To conclude, it is worth mentioning two different research lines studying the effective
macroscopic dynamics that builds up the cosmological model. On the one hand, within the
GFT condensate cosmology it is possible to realize an early era of geometric inflation. This
is a period of accelerated expansion in absence of an inflaton field and its associated ad hoc
potential. A detailed study of the condition for inflation can be found in [15]; however,
in [88] it is argued that the number of e-folds computed for the free theory –V = 0 in the
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action (6)– suggests that such a geometric inflation cannot last sufficiently long to accomplish
observational data. This implies that GFT cosmology in absence of interactions between
building blocks cannot replace the standard inflationary scenario. The authors explore the
implications of including these interactions, which is indeed a more natural and consistent
scenario, as the quanta of geometry should be somehow ‘glued’ with each other instead
of being in a sort of diluted gas regime of tetrahedra. Therefore, the results obtained in
[48] may be able to give an alternative prescription on how to build a GFT model with
specific type of interactions, such that in the semiclassical limit the desired properties of our
homogeneous and isotropic universe are obtained as an emergent 3–geometry. Interestingly,
in the interacting case, one can find a range of the parameter space for which the inflationary
era last for sufficiently long. However, to obtain a successful scenario one needs to verify that
there is no intermediate stage of deceleration between the bounce and the end of inflation.
According to [55] a real-valued condensate field has solutions avoiding the singularity and
also growing exponentially after a bounce, if and only if the GFT energy is negative. A
discussion on the possible values of the parameter space of the interacting potential can be
found in [88], together with the stability properties of the evolving isotropic system, giving
rise to effective continuous and homogeneous 3–geometries built from many smallest and
almost flat building blocks of quantum geometry. On the other hand, although the successful
use of relational observables to extract an effective dynamics in the cosmological sector of
GFT, recent work argues that it may be possible to use a more general relational framework in
GFT [89]. Indeed, particularly interesting consequences are derived when defining a relational
Hamiltonian Hˆ generating the evolution with respect to the massless ‘clock’ φ0 [27]. The idea
is to define a deparametrized setting in which some degrees of freedom serve as coordinates
parametrizing the remaining ones. For certain choices of Hˆ, the Fock vacuum state |0〉 is not
an eigenstate and cannot be the vacuum of the relational Hamiltonian. Then, the ‘no-space’
state is unstable and, given arbitrary initial conditions, quantum fluctuations will push the
system away from |0〉. As each quantum of geometry contributes with some spatial volume,
the resulting state can be understood as a sort of expanding universe. According to this
reasoning, the instability of the ‘no-space’ state |0〉 provides a realization of geometrogenesis.
More precisely, in the bounce picture, the state goes through the zero-volume state since
the evolution in the other direction of the relational time is identical. Hence, the quantum
dynamics does not break down at the zero-volume state but simply evolves over it. Moreover,
the afore-mentioned instability in the Hamiltonian leads to a further cosmological implication:
it provides a way to allow an unending expansion of the universe.
Different directions can be taken starting from the state of the art. For instance, it
would be interesting to contrast the latter deparametrized framework for a single clock with
a covariant setting in which one can choose different clocks, following the ideas of [90]. An-
other potentially important generalization would be to examine whether non-vanishing scalar
field potentials can be taken into account when constructing this relational Hamiltonian. A
successful result would provide a GFT action depending explicitly on the relational time
variable [44]. Therefore it is in the cosmological sector of GFT where one should find which
choice for Hˆ is the correct one. Nevertheless, there is a last open question that GFT leaves
open and that has further implications not just for physics. The ad hoc introduction of mass-
less scalar fields as a standard of time works well at an effective level, but from a conceptual
and fundamental standpoint this move can appear as an arbitrary one and implies more work
also from the philosophical perspective.
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